Abstract: A novel design for improving the sensing performance of localized surface plasmon resonance based nanosensors is proposed. We analyze the Fano-like coupling interaction within the multifold gold nanorod metasurface. By means of such Fano-like coupling effects, we can enhance the figure of merit (FoM) of nanosensors based on gold nanorod array by nearly one order. The main idea of our design can be easily adjusted for other nanophotonic platforms, and provides new possibilities for improving the performance of a myriad of applications, such as slow light devices, and optical switches.
Introduction
Plasmonic metamaterials composed of artificial sub-wavelength structures involving metal structures have attracted tremendous attention during the past decades due to their unique optical properties and potential applications [1] , [2] . These properties and applications of plasmonics are intrinsically connected to the localized surface plasmon resonances (LSPRs) arising from the collective oscillations of free electrons which induce strong electromagnetic fields adjacent to the artificial sub-wavelength metallic elements in nanoscale [3] . Plasmonic electromagnetically induced transparency (EIT) [4] - [6] , electromagnetically induced absorption (EIA) [7] , [8] and Fano resonance [9] - [12] have been intensively studied recently, which utilize coupling interaction among individual bright modes to induce extremely sharp dark modes resulting from interference. Moreover, both EIT and EIA effects can be viewed as special cases of Fano resonance [7] , [12] . Fano metamaterials have been applied to great numbers of applications, such as slow light devices [13] - [15] , optical switches [16] - [18] , quantum plasmonics [19] - [21] , and biosensors [22] - [24] .
Nanoplasmonic sensors [25] - [30] and gold nanorods [31] - [35] have been widely used in biotechnology, medical, and environmental applications due to their remarkable features, such as label-free and non-invasive detection down to single-molecule level. Although surface plasmon resonance (SPR) based biosensors typically have higher sensing performance than LSPR based nanosensors, the decay length of SPR is much longer, which makes their surface sensitivity low and is not suitable for many biotechnology tasks. In contrast, LSPR based nanosensors generally have much shorter decay length and extremely small modal volume due to their strong field confinement. However, their sensing performance and figure of merit (FoM) are relatively limited [36] - [38] . The sensing performance is commonly described by two indicators, the bulk refractive index sensitivity, and the FoM. The bulk refractive index sensitivity S is defined as λ res / n, where λ res is the shifted resonance wavelength according to the changed refractive index of environment n. The FoM is the ratio of sensitivity to the bandwidth of the resonance ω, defined as S/ ω. Therefore, this kind of FoM takes both the sensitivity of shifted wavelength of spectral peak to the changed refractive index and the resonance bandwidth into account, which has been widely used in nanoplasmonic sensor [36] - [38] . Normally, in the symmetric line shape, ω is referred to the full width at half maximum (FWHM), and in the asymmetric Fano-like line shape, ω is usually defined as the line width between the peak to the dip of the resonance [22] , [39] , or the full width between the average values of the peak and the dip [24] , [40] . That is, the definition of the FoM is different between symmetric and asymmetric spectra owing to the inherently ill-defined FWHM of the asymmetric line shape. Therefore, in order to fairly compare the sensing performance with the FoM, in this study, we define ω as the half width at the half maximum (HWHM) in one side [41] for both symmetric and asymmetric line shape. The benefit of this definition is twofold. First, as the main purpose of the FoM is to indicate the sensing capability of individual designs, adopting a unified definition as a standard for each line shape should be more objective in principle. Second, some nanosensors using asymmetric line shape with high FoM based on previous definitions have relatively low contrast ratio (CR) [42] , which is defined as the ratio of the difference between the peak value and the dip value to the sum of these two values, and thus the high value of FoM cannot genuinely reflect their sensing capability at times. Explicitly, previous studies [42] , [43] show that the increase of FoM indeed reduces the CR, and vice versa. On the other hand, the definition of FoM used here ensures the value of CR would be at least 1/3 and intrinsically excludes those cases lower than 1/3, which avoids the ambiguity among FoM, CR, and sensing capability.
In order to improve the sensing performance of LSPR based nanosensors, here we propose a novel metasurface, including multiple gold nanorods [31] - [35] into a unit cell. By means of coupling effects among multiple nanorods, we greatly improve the FoM of gold nanorod based nanosensor by nearly one order, from 2.90 up to 26.55, around the wavelength λ = 1200 nm. We note that the essence of our design in principle can be applied to a variety of nanophotonic platforms [44] - [49] and applications, such as slow light devices [13] - [15] and optical switches [16] - [18] .
Simulation Model
Our numerical simulation is based on in-house developed 3-D finite-difference time-domain (FDTD) [50] simulator, and the mesh size is set to be 2 nm. The refractive index of the fused silica substrate is fixed at 1.4584, and the permittivity of gold is described by the Drude-Lorentz model with
rad/s, and γ L = 6.59 × 10 14 rad/s, which fits to the experimental data of Johnson and Christy [51] . The periodic structure is illuminated by an x-polarized normal-incidence light propagating in the z direction. The observation plane is defined as the x-y plane in the middle of the nanorod (z = H /2 plane), as depicted in Fig. 1(a) .
Results and Discussion
First, we investigate an extremely simple structure, a single gold nanorod array. We set geometric parameters to have the following parameters: the rod length L = 250 nm with periods in the x and y directions, P x = P y = 300 nm. Note that rod height H , and the rod width W are all fixed to 40 nm in this study. We simulate the reflectance spectra with changed environmental refractive indices from 1 to 1.32 and 1.33, which give S of 650.47 nm/RIU and FoM of 2.90 at λ = 1186 nm, where RIU is refractive index unit, as shown in Fig. 1(b) . Moreover, phasor distributions at the resonance wavelength are also obtained in Fig. 1(c) . It is clear that there exist induced dipole and localized electric fields near the corners, and hence the resonance mechanism is attributed to the LSPR and each rod can be referred to as the bright mode.
In order to compare the performance of individual structures, in this study, we adjust each design to have Fano-like line shape around λ = 1200 nm. First, as shown in Fig. 2(a) , we use a twofold nanorod as a unit cell with the following parameters: L 1 = 220 nm, L 2 = 240 nm with P x = 300 nm and P y = 300 nm. Note that the separation distance s is fixed to 40 nm in this study. The calculated reflectance spectra reveal that the coupling interactions between rod1 and rod2 cause the spectral shift of individual resonance wavelengths corresponding to the two peaks and produce an induced Fano-like dip. To elaborate such a Fano-like phenomenon, we further calculate the phasor distributions of induced currents and electric fields at different wavelengths as shown in Fig. 2(b) . At λ = 989 nm, the directions of two induced current dipoles are in phase, leading to a constructive dipole, which is mainly produced by rod1 (bright mode). The electric field is weak and distributed uniformly, leading to a relatively broad reflectance peak. On the other hand, at λ = 1267 nm, though the induced dipole is mainly produced by rod2, the direction of the induced dipole on rod1 is opposite, making its reflectance peak decrease. However, it is clear that its amount is relatively small, so the net dipole is still dominated by rod2 (bright mode). Moreover, the energy is confined around the corners of rod2 according to electric field distribution. At λ = 1213 nm, different from the case at 1267 nm, now the induced dipole on rod1 is stronger and severely reduce the net dipole, leading to the destructive interference between these two rods (dark mode), which generates Fano-like phenomenon and produces a sharper dip. That is, the two rods are now oscillating out of phase, and the energy is confined around the corners of both rods. Indeed, such twofold based Fano-like phenomena have been intensively studied in the past decade in a variety of nanophotonic platforms [4] - [12] , [44] - [49] . However, in general, if we aim to produce a narrower line width by Fano-like coupling, we would reduce the contrast ratio between the peak and dip, as we stated above [42] , [43] . Therefore, in the following, we aim to overcome this obstacle by using more complex metasurfaces.
Inspired by gradient metasurfaces [52] - [55] , which typically exploit the constant gradient of phase jump to control the wave propagation, here, instead of using the phase gradient, we manage to utilize the coupling interactions among individual bright modes in the gradient metasurfaces to produce the Fano-like line shape. We first use three rods as a unit cell with the following parameters: L 1 = 200 nm, L 2 = 220 nm, L 3 = 240 nm with P x = 300 nm and P y = 380 nm, and obtain the reflectance spectrum, as shown in Fig. 3(a) . It can be seen that there are three resonance peaks in the spectrum, which are attributed to the resonance responses of the corresponding rods. Yet, there is no ultra-sharp (narrow and high-contrast) line shape appearing. Therefore we further add another rod into a unit cell, and set the structure with the following geometric parameters: L 1 = 180 nm, L 2 = 200 nm, L 3 = 220 nm, L 4 = 240 nm with P x = 300 nm and P y = 460 nm, by which the reflectance spectrum is obtained, as shown in Fig. 3(b) . Similar to the threefold case, there are four resonance peaks in the spectrum as we expected, which are attributed to the resonance responses of the corresponding rods. However, it seems that adding more resonators in this type of gradient array cannot produce the ultra-sharp spectrum we are looking for. As a result, we devise another type of gradient metasurface, in which the central rod is set to be the axis of symmetry and other rods are placed symmetrically within a unit cell. For the fivefold nanorod depicted in Fig. 3(c) , we include the same three constituent nanorods as in the threefold nanorod case, and use the longest rod as the axis of symmetry with P x = 300 nm and P y = 540 nm. Akin to the threefold nanorod array, there are three peaks in the simulated reflectance spectrum, which arise from three different resonators. However, it is clear that the obtained spectrum is different from the threefold case due to altered coupling interactions. Hence, we apply the same strategy to the sevenfold nanorod array based on the fourfold nanorod case, and takes the longest rod as the central axis, with P x = 300 nm and P y = 600 nm. As we can see in Fig. 3(d) , the obtained reflectance spectrum possesses an extremely sharp Fano-like peak around λ = 1200 nm. The obtained ω, S and FoM are 19.54 nm, 518.85 nm/RIU, and 26.55, respectively, which achieves nearly one order improvement of FoM compared to the single nanorod array, as shown in Fig. 4(a) . Moreover, the increase of FoM does not lead to the reduction of contrast ratio compared to the above designs, and the CR is up to 56%. This is a great advantage of our multifold nanorod metasurface, which is distinct from former approaches. Note that as none of twofold, threefold, fourfold, and fivefold nanorod array has CR of higher than 1/3, they are intrinsically excluded by our FoM as introduced above. In order to understand the underlying mechanism of such a Fano-like phenomenon, once again, we analyze the phasor distributions of induced currents and electric fields at marked wavelengths as shown in Fig. 4(b) . At λ = 1081 nm, the directions of the two primary induced current dipoles of rod1 and rod2 is out of phase, resulting in the decrease of the peak height, and it is clear that the amount of the net pole is dominated by rod2 (bright mode). Moreover, the localized electric field is rather weak compared to the other two wavelengths, leading to a relatively broad reflectance peak. On the other hand, at λ = 1200 nm, though the induced dipole is mainly produced by rod3 (bright mode) and the directions of the rest dipoles are also opposite, the amount of induced current of rod3 is clearly larger, making its peak slightly higher than the former case. Furthermore, it can be seen that the electric field is strongly confined around the corners, making its peak narrow. At λ = 1168 nm, similar to classical twofold Fano-like coupling phenomena, now the directions of induced dipoles on rod3 and rod4 are opposite to those on rod1 and rod2, severely reducing the net dipole and thus leading to the destructive interference between these seven rods (dark mode). In addition, the strong energy confined around the corners leads to the narrow dip. We thus confirm the ultra-sharp line width is explicitly produced by such Fano-like coupling effects as we expected.
Conclusion
In conclusion, inspired by gradient metasurfaces [52] - [55] , we have utilized the coupling effects among multiple nanorod array to produce an ultra-sharp (narrow and high-contrast) Fano-like line shape for sensing application, whereby a nearly one order improvement of the FoM, from 2.90 up to 26.55, around λ = 1200 nm has been achieved. It is worth noting that the design shown here is not optimized, and in principle, the performance of our design can be further improved by delicately tuning the coupling interactions among the gradient metasurface with different parameters, such as separation distance, incident angle of the light, number of the nanorod, and shape of the nanorod. Moreover, our concept can be immediately applied to other nanophotonic platforms [4] - [12] , [44] - [49] and benefits a variety of applications [13] - [24] .
